
JOURNAL OF CATALYSIS 60, 378384 (1979) 
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The efficiency of a platinum filament ae a catalyst for the oxygen isotope equilibration 
reaction ‘“On + 180, = 2 ‘SOW has been measured for filament temperatures between 390 
and 1409°K. The maximum efficiency was about 11% near 950°K. The results are compared 
with the initial sticking probability of oxygen in the same temperature range and with the 
rate of the high temperature (>lOOWK) pumping action of the filament. It is concluded 
that the adsorption and isotope equilibration reactions are related but that pumping proceeds 
by a separate process, although not through thermal accommodation of oxygen on the surface. 

INTRODUCTION 

The comparative weakness of the bond 
between a platinum surface and an oxygen 
atom, h-0 = 75-85 kcal atom-’ (l-4), 
imparts an interesting and varied surface 
chemistry to the system Pt/02. The phe- 
nomena have been investigated by a wide 
range of surface techniques, including 
LEED, AES, XPS, molecular beams, and 
theoretical calculations. A comprehensive 
list of references is available (5). At room 
temperature and above the adsorption of 
oxygen is generally agreed to be atomic (5), 
the evidence coming particularly from 
kinetic analysis of desorption peaks and 
isotopic scrambling of adsorbed mixtures 
of lsOz and i*O2 on flash desorption. How- 
ever, there does not seem to be any evi- 
dence about the efficiency of platinum as 
a catalyst for the equilibration of a mixture 
of ‘609 and 180z under steady-state con- 
ditions. This has, therefore, been measured. 
An additional significant feature of the 
interaction of oxygen with platinum is 
the pumping effect of a hot (2’ > 1100°K) 

filament on a stream of gas (6), an effect 
which has been attributed to atomization. 
An interesting question then arises as to 
the relationships between catalytic activity 
at high temperatures, adsorption, and the 
pumping processes. These, too, have now 
been explored. 

The reactivity of a layer of oxygen 
toward hydrogen (r-9) and carbon mon- 
oxide (4, 5) has been studied under a 
variety of conditions. It appeared that the 
steady-state production of carbon dioxide 
from a stream of carbon monoxide and 
oxygen passing over a platinum surface 
depended critically on the Pco/Poz ratio; 
a change of mechanism on a polycrystalline 
sample occurred when this ratio was about’ 
0.6. The temperature of the filament also 
played an important role in determining 
the rate of production of carbon dioxide, 
a significant divide occurring near 550°K. 
An extension of these studies to the room 
temperature initial (rather than steady- 
state) rate of oxidation of carbon monoxide 
in a stream of (CO + 1802) and to the rate 
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of removal of a layer of l*O by CO has 
been attempted. 

EXPERIMENTAL 

The Pyrex glass, ultrahigh vacuum ap- 
paratus has been described previously (IO). 
Gases (B.O.C. Ltd., Research grade) were 
admitted to the platinum filament 
(Johnson-Matthey <99.99oj,, 1 = 29.7 cm, 
geometric area = 1.14 cmz) through either 
of two bakable metal valves. The aperture 
of a similar valve connecting the filament 
chamber to the pump was adjusted to 
give a suitable How rate of gas, and the 
pumping constant of the setting was mea- 
sured with nitrogen to avoid the difficulties 
caused by reversible adsorption on the 
walls. Mass spectra were recorded with 
an omegatron radiofrequency mass spec- 
tromet,er connected to the filament chamber 
by wide bore tubing. The sensitivity of the 
omegatron for the various gases was mea- 
sured by calibration against a Bayard- 
Alpert gauge, using a lanthanum hexa- 
boride-coated filament for carbon dioxide 
to minimize thermal decomposition. The 
manufacturer’s quoted sensitivity was used 
to calculate uptakes, which may, therefore, 
contain a significant systematic error (11). 
There were two troublesome features to 
these experiments, the reversible adsorp- 
tion of carbon monoxide on the walls of 
the uhv chamber and the adverse effect 
of oxygen on the performance of the 
omegatron. These factors limited the range 
of conditions that could be investigated 
and the accuracy of the results. Analogous 
calibration errors of 20 to 30% have been 
reported (16). 

The filament was cleaned by extensive 
heating in oxygen followed by flashing in 
vacua. This process has been shown to 
produce an essentially clean surface (4, 13). 
Filament temperatures were calculated 
from the room temperature resistance, 
measured with a Smith’s difference bridge, 
and the literature values of the tempera- 
ture dependence of resistivity (14-16). 

The adsorption of oxygen or carbon 
monoxide was recorded by flashing the 
filament to about 1400°K for 10 set in a 
stream of the gas and then reducing the 
heating current to give the required fila- 
ment temperature. The subsequent pres- 
sure changes during adsorption of gas were 
followed mass spectrometrically. Uptake 
curves (plots of s against 0) were calculated 
in the usua.1 way from this pressure record. 
At the highest filament temperatures 
(> 1100°K) the partial pressure of oxygen 
returned to a steady-state value below the 
equilibrium pressure. This was the result 
of the pumping action by the filament (6). 

Oxygen isotope equilibration was ob- 
served by streaming a mixture of approxi- 
mately equal partial pressures (Pt,t,l ‘v 6 
X 1OV Torr) of l602 and leOz (Yeda 
99.8yo 180) over the filament. The onset of 
equilibration was marked by the appear- 
ance of a peak at mass 34, which grew at 
the expense of masses 36 and 32. When 
steady-state conditions had been reached 
for a chosen filament, temperature the 
peaks at masses 32, 34, and 36 were 
recorded. The range of filament tempera- 
tures was 300 to 1400°K. 

The production of carbon dioxide from 
oxygen and carbon monoxide was observed 
either by exposure of the oxygenated 
(with 1802) filament to carbon monoxide 
(C160) or by passing a mixture of gases 
(I’,% ‘v 1.5 X 1O-8 Torr, Pleoz ‘v 2.5 X 
1OV Torr) over the filament. The former 
experiment was performed at room tem- 
perature, the labter for 300 < !Z’ril < 
1400’K. 

RESULTS AND DISCUSSION 

The adsorption characteristics of oxygen 
and carbon monoxide were measured as 
a way of comparing the reactivity of the 
surface with previously studied polycrys- 
talline samples. The room temperature 
initial sticking probability of oxygen was 
0.18, a value in accord with earlier work 
(3, 9, 12), while the maximum room tem- 
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FIG. 1. Comparison of the sticking probability 
curves of oxygen on a platinum filament (this 
work -) with a precursor state theory (- - -) 
and with an earlier experiment (. . . . ). 

perature uptake was about 2.7 X 10” atom 
cm-z. Although this value is within the 
range of earlier reports (17, 5) it may be 
less than the true uptake as the result of 
contamination by carbon monoxide re- 
leased from the walls during the flash (12). 
A sticking probability curve is compared 
with a precursor state theory of adsorp- 
tion (18), using a site visitation parameter 
(i.e., the average number of chemisorption 
sites visited by a molecule in the precursor 
state) of 3 in Fig. 1, and with a recent 
uptake curve on a ribbon which had been 
cleaned by a process similar to that used 
for the filament (3). In view of the pos- 
sibility that the two samples had different 
proportions of the two planes produced 
by heating polycrystalline platinum sur- 
faces [the (100) and (ill)], the agreement 
is reasonable. 

The uptake of carbon monoxide at an 
equilibrium pressure of about 3 X lOME 
Torr and at filament temperatures be- 
tween 300 and 800°K was measured. The 
saturation uptake was about 7 X 10” mol 
cm-2 at room temperature and declined 
approximately linearly in the temperature 
range 300 to 600°K. At this latter tem- 
perature B,,, was about 0.5 X 10” mol 
cm-z. These results are entirely in accord 
with previous observations (4, 19-22). It 

thus appears that the behavior of this 
filament toward oxygen and carbon mon- 
oxide separately was similar to that of 
polycrystalline samples studied previously. 

OXYGEN ISOTOPE EQUILIBRATION 
AND PUMPING 

The catalytic efficiency of the filament 
for the reaction 

1602 + ‘SO2 = 21’3O’Q 

was measured by streaming a mixture of 
approximately equal partial pressures (-6 
X l@* Torr total) of the homonuclear 
isotopes over the filament at a chosen 
temperature (300°K < Tfil < 1300°K) and 
recording the steady-state partial pressures 
of masses 32, 34, and 36. 

The efficiency E (which reflects the 
probability that collision leads to equili- 
bration) was calculated, as before (23), 
from the expression 

E = 2k34~V(~‘X - “‘Xc,)/ 
AZ(433X33X - 34X2) 

in which lcar is the pumping constant for 
1601Q, V is the volume of the apparatus, 
c is a constant relating the number den- 
sity of molecules to pressure, A is the area 
of the filament., and 2 is the collision rate 
of oxygen per square centimeter at a pres- 
sure of 1 Torr iX is the mole fraction of 
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FIG. 2. The efficiency of a platinum filament as 
a catalyst for oxygen isotope equilibration. Pump- 
inn constants (see-1): 0, 0.24: 0, 0.28; X, 0.39. 
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the species “02 in the gas phase and 34X0 
is the background partial pressure of 
lsO1*O with the filament inactive. In these 
experiments 34Xo was zero. As before, the 
difference in pumping rates of the different 
isotopes has been ignored ; the effect is 
only f3’% and is well within the scatter. 
The results of experiments at three flow 
rates are shown in Fig. 2. As noticed in 
the hydrogen isotope equilibration reaction 
on rhodium, there appears to be some de- 
pendence of E on k, of, at present, un- 
identified origin (10). 

The onset of catalysis above a filament 
temperature of 500°K matched closely the 
temperature at which the surface coverage 
of oxygen began to diminish on this fila- 
ment, (as measured by flash desorption) 
or on a polycrystalline foil (as measured 
by AES) (5). Similar behavior has been 
observed previously for nitrogen isotope 
equilibration on molybdenum (23) or 
rhenium (24). The oxygen isotope equili- 
bration results fit into the pattern of ad- 
sorption previously proposed. Dissociative 
adsorption of oxygen would give rise to 
a layer of atoms, which then combined 
to desorb as isotopically scrambled mole- 
cules only when the filament, temperature 
was high enough to lead to interchange 
between surface and gas. The reaction 
would thus proceed by a Langmuir- 
Hinshelwood mechanism. 

At its maximum, near a filament, tem- 
perature of 950”K, the efficiency was ll%, 
and the fractional uptake of oxygen was 
about, 0.05. If the postulate of full equili- 
bration on the surface (24) is justified, 
this value of E then corresponds to a 
“reactive sticking probability” (24) of 0.11. 
The unusual feature of the results was the 
decline in E to zero at 1400OK. It, is more 
common for a plateau region to be ob- 
served at high temperatures or, at most,, 
a modest decline. For example, the re- 
active sticking probability of carbon mon- 
oxide (as measured by isotope equilibra- 
tion) on rhenium declined from 0.4 at 

300 900 1000 1100 I200 I300 1400 
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FIG. 3. The probability of pumping of oxygen 
molecules by a platinum filament. Pumping con- 
stants (see-1) : 0, 0.31; cl, 0.26. 

1300°K to 0.2 at 1800°K. The interpreta- 
tion of this observation was the failure of 
statistical equilibrium to be achieved (24). 

The pumping of oxygen when the fila- 
ment, was heated above 1100°K caused a 
diminution in the steady-state pressure, 
P,, below the equilibrium pressure, P,,, 
observed with the filament inactive. These 
pressure measurements allow a steady- 
state, high-temperature pumping proba- 
bility, S*, to be calculated from the 
formula (25) : 

r&V 
s* = - zA (P,lPco - 1). 

Similarly, the sticking probability on the 
clean filament, so, can be calculated by 
substituting the minimum pressure ob- 
tained from the P vs t record for P,. 
The resulting temperature dependence of 
S* is shown in Fig. 3. It should be noted 
that for filament temperatures in excess 
of that at which pumping was first ob- 
served, Tril > llOO”K, the measured value 
of the initial sticking probability, (sO),,,~~, 
may include a contribution from the dimi- 
nution in pressure brought about by this 
pumping, as well as by adsorption. If this 
effect made its maximum contribution, 
i.e., if S* were independent of coverage, 
the true initial sticking probability (so)true 
would be given by 

(SOLrue = (So)me&3 - s*. 
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FIG. 4. Comparison of the true initial sticking 
probability (O), the catalytic efficiency (a * . .), 
and the pumping probability, S* (- - -). 

To test whether this was so and to relate 
adsorption to catalytic activity we have 
plotted in Fig. 4 (SO) true and E as functions 
of filament temperature. As anticipated for 
an equilibration reaction following a Lang- 
muir-Hinshelwood mechanism, the values 
of (So)true and E come together in the 
filament temperature region where the 
coverage was sparse (Z’fil > 900°K). Thus, 
as far as adsorpt,ion and catalysis are con- 
cerned, we conclude that the sites of 
activity are closely related. The onset of 
pumping above a filament temperature of 
about 1100°K is in good agreement with 
earlier work (1). However, an unusual 
feature of these results is the monotonic 
decline of the true adsorption probability 
on a clean filament from 0.18 at room 
temperature to zero at 1400°K. 

There remains for comment the curious 
observation that although above 1400°K 
the filament was not apparently chemi- 
sorbing oxygen (E = so = 0), it’ was 
nonetheless pumping the gas, a process 
which has been said to take place by 
atomization (6). We are thus led to en- 
quire whether atomization could take 
place on the surface by thermal accom- 
modation of the adsorbed species between 
atomic and molecular states, rather than 
by chemisorption. Were this to lead to 
roughly 8% dissociation (S* = 0.08) 
at 1400°K the observations would be 
rationalized. 

In order to make some assessment of 
the plausibility of this suggestion we shall 
make an order of magnitude (or perhaps 
worse) estimate of the degree of dissocia- 
tion to be ant,icipated. For the model we 
take oxygen atoms with two degrees of 
translational freedom and, for consistency, 
oxygen molecules with two degrees of 
translational freedom and one degree of 
rotational freedom (i.e., parallel to the 
surface). The additional degree of vibra- 
tional freedom will be ignored for sim- 
plicity, as will electronic partition functions. 

The surface partition functions may now 
be written as: 

(Zo,> surf = @O?)trens2D x (Z02)rotJD 

(2rmkT) 
(Zo)surf = A -he 

in which the symbols have conventional 
significance, the symmetry number u is 2, 
and m is the mass of the oxygen atom. 
The surface equilibrium constant, in terms 
of numbers of particles, is given by 

(no>’ 
(KN)surf = - 

no2 

(ZO)surf2 
= 

vJO*)surf 
exp(--DdRT), 

where Do is the dissociation energy of the 
oxygen molecule, 493.5 kJ mol-l. 

Thus 

ArmkT 
(KN)surf = 7 

Xexp(-493,50O/RT). 

In terms of surface concentrations, ci 
= ni/A, we can write 

(co)2 
vmautf = co 

1 

exp( -493,50O/RT). 
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Therefore 

exp ( - 493,50O/RT). 

Now I = mr2, therefore 

(mkT)i 
(Kc)e”rf = 2rh -__ exp( -493,50O/RT). 

Substituting m = 2.657 X 1O-z6 kg, k = 
1.38 X 10ez3 J K-l, T = 1400”K, r = 1.207 
X lo-lo m, h = 6.626 X 1O-34 J set, and 
R = 8.314 J mol-’ K-l yields: 

&)mr = 54 particles m-2. 

This surface equilibrium constant may be 
compared with the gas phase equilibrium 
constant of about 10e6 at. at 1400°K. The 
value of (Kc)surr can now be used to 
estimate the surface concentration of ad- 
sorbed species p at which 8% dissociation 
(corresponding to a pumping probability 
of 0.08) would occur. Under these circum- 
stances, the mole fraction of oxygen atoms 
may be taken as 0.08 and of oxygen 
molecules 0.92. Then : 

bxo)2 
uw,,rf = -- = 7 x 10-a p 

PXO, 

or 
p N 8000 particles m-2. 

This surface concentration is so low 
(roughly 1 particle on the experimental 
filament) that we can discard the hy- 
pothesis of a pumping mechanism based 
on a purely physical process. 

It therefore seems that we must look 
to the extreme range of the possibilities 
associated with migration-limited bimo- 
lecular kinetics in the chemisorbed layer 
(24) for an interpretation. Thus, under 
circumstances where the filament was 
sparsely covered, and dissociative chemi- 
sorption was followed either (i) by re- 
combination of the atoms with their 
original partners and desorption, or (ii) by 
desorption of atoms in a time short com- 

pared with that required to find a new 
partner by migration over the surface, 
pumping but not isotope equilibration 
would be observed. In effect, it is sug- 
gested that the combination of a low sur- 
face coverage (associated with a high 
filament temperature) and a high activa- 
tion energy for migration over the surface 
may cause the bimolecular equilibration 
process to lose out progressively to uni- 
molecular, atomic desorption. An indica- 
tion in support of this interpretation 
comes from the relative immobility of 
oxygen atoms on platinum. For example, 
kinetic analysis of desorption pressure 
bursts indicat,es a lack of mobility of 
oxygen on platinum at 700°K (1). 

REACTION BETWEEN CARBON MONOXIDE 
AND OXYGEN 

The possibility that carbon monoxide 
may dissociate on platinum (,%‘7), especially 
at steps (28), has been raised, though this 
is probably by no means a general occur- 
rence (29). To investigate this point 
further the production of carbon dioxide 
was recorded either when a layer of oxygen 
(180) on platinum was exposed to carbon 
monoxide (CYO) or when a mixture of 
oxygen and carbon monoxide passed over 
the filament. 

In the replacement. reaction, which took 
place at room temperature, C160180 was 
by far the most important product 
throughout the reaction. The other carbon 
dioxide species ClsOz and C1*Oz were 
recorded with peaks about 10%. of the 
mixed isotope. However, the proportion of 
these gases declined when high flow rates 
were used and their presence can con- 
fidently be attributed to secondary equili- 
bration of C?60180 generated at the 
filament, by oxidized nickel-containing 
alIoys in the metalwork of the uhv system 
(SO). These observations are not con- 
sist.ent with a fully dissoeiat.ive adsorption 
of carbon monoxide, since the build-up of 
surface 160 from Cl60 as the surface 
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coverage of carbon monoxide increased 
would have led to more C160s being 
produced from dissociated CYO. No such 
change in mass peaks was observed. The 
temperature dependence of the rate of 
oxidation (by W2) of carbon monoxide 
(PO) under flow conditions was measured 
by the production of CYsO1‘-O. The filament’ 
was flashed to 1400°K in a stream of gas 
(Poe ‘v 1.5 X lo-* Torr, Pox ‘v 2.5 X 10V8 
Torr) and cooled to the chosen tempera- 
ture. For filament temperatures below 
8OO”K, significant poisoning of the fila- 
ment occurred, as shown by the decline 
in the partial pressure of C16O18O with 
increased exposure. It was, therefore, im- 
possible to obtain a quantitative estimate 
of the uninhibited activity. However, 
qualitatively’ a marked diminution in the 
initial activity was observed when the 
filament, was above 800°K. These observa- 
tions accord with earlier reports of blockage 
of oxygen sites by continued exposure to 
carbon monoxide (31) and with the for- 
mation of “nonreactive” oxygen at high 
filament temperature (5). 
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